INTRODUCTION
SUN (Sad1-UNC-84) proteins are a class of integral-membrane proteins that are targeted specifically to the inner nuclear membrane (INM). SUN proteins recruit KASH (Klarsicht, ANC-1 and Syne homology) proteins to the outer nuclear membrane (ONM) to form a bridge across the nuclear envelope (NE) to transfer forces generated in the cytoplasm to the nucleoskeleton. KASH-SUN bridges function in many cellular and developmental events, including nuclear migration and anchorage, centrosome attachment to the NE, telomere movements in meiosis, chromatin regulation, and overall organization of the cytoskeleton (reviewed in Starr, 2009; Starr and Fridolfsson, 2010) . Besides SUN proteins, ∼100 integral-membrane proteins are predicted to be enriched at the NE (Schirmer et al., 2003; Wilkie et al., 2011) . Together, with the intermediate filament lamin, INM proteins form the nuclear lamina, which provides structural support to the nucleus and is involved in the regulation of chromatin and other cellular processes (Gruenbaum et al., 2005; Akhtar and Gasser, 2007; Stewart et al., 2007) . Mutations in lamin or some INM proteins lead to a broad spectrum of >20 human diseases termed laminopathies, which include muscular dystrophies, neuropathies, lipodystrophies, and premature aging disorders (reviewed in Worman and Bonne, 2007) . Recently, it was demonstrated that a subset of lamin-A mutations that result in Hutchinson-Gilford progeria syndrome and Emery-Dreifuss muscular dystrophy disrupt the interaction between lamin-A and mammalian Sun1, suggesting that SUN proteins are also involved in the formation or development of laminopathies (Haque et al., 2010) . Despite the importance of SUN proteins, the mechanisms of how they are targeted to the INM, the first step in the formation of NE bridges, are unknown. In fact, the mechanisms of how membrane proteins in general are targeted to the INM remain poorly understood.
Proteins destined for the INM must be transported from their sites of synthesis at the peripheral endoplasmic reticulum (ER) to the NE. In some cells, the surface area of the ER is more than 100 times mammalian importin-α-16 homologue, KPNA-4-16, interacts with a viral INM-SM in vitro (Braunagel et al., 2007) . The presence of predicted INM-SMs in many different INM proteins and the discovery of truncated importin-α isoforms in insect, yeast, and mammalian cells suggest that this mechanism may be conserved to target many different INM proteins (Braunagel et al., 2004; Liu et al., 2010) . However, the function of an INM-SM has not been tested in an endogenous metazoan protein.
Here, we test the relative contributions of these three models on the trafficking of the Caenorhabditis elegans protein UNC-84 to the INM. UNC-84 is a founding member of the SUN family of proteins that are conserved across all eukaryotes (Malone et al., 1999; Starr, 2009) . UNC-84 localizes to the INM in a lamin-dependent manner (Malone et al., 1999; Lee et al., 2002; McGee et al., 2006) . UNC-84 recruits the KASH proteins UNC-83 and ANC-1 to the ONM to mediate nuclear migration and anchorage, respectively (Starr et al., 2001; Starr and Han, 2002; McGee et al., 2006) . UNC-84 is an excellent model in which to study INM protein trafficking for multiple reasons. First, UNC-84 has the largest predicted nucleoplasmic (59 kDa) and lumenal (65 kDa) domains of any known endogenous INM protein. Second, based on the observation that large (>75 kDa) INM protein reporters lacking cNLSs are strongly inhibited from gaining access to the INM (Ohba et al., 2004) , it is unlikely that an INM protein of 126 kDa relies solely on diffusion/ retention for trafficking to the INM. Third, UNC-84 contains a potential INM-SM (Braunagel et al., 2004) and two potential cNLSs that we hypothesized function to target UNC-84 to the INM.
To identify signals in UNC-84 that function to target it to the INM, we examined the ability of various UNC-84 mutant proteins to localize to the NE during different developmental stages. We also tested the function of our mutants during nuclear migration. Nuclear migration in C. elegans hyp7 cells requires the proper targeting of UNC-84 to the INM; failure of UNC-84 localization results in an easily quantified functional assay in the context of a developing organism (Malone et al., 1999) . Importantly, we can express transgenic mutant versions of UNC-84 in an otherwise null background and assay both localization and function (McGee et al., 2006) .
Here we show that multiple cytoplasmic/nucleoplasmic signals contribute to the localization of UNC-84 to the NE. A novel NE localization signal conserved among SUN proteins coined the SUN-NELS (nuclear envelope localization signal) and an INM-SM function to efficiently target UNC-84 to the NE during early embryogenesis. There were no observable defects in UNC-84 trafficking in transgenic animals overexpressing our UNC-84 genomic rescuing construct or the rescuing construct with both predicted cNLSs mutated. UNC-84 constructs mutant for the SUN-NELS, the INM-SM, or both were slower to accumulate at the NE during early embryogenesis but nonetheless were able to localize to the NE and function in hyp7 nuclear migration. Only when mutations or small deletions were engineered into all three types of targeting signals did UNC-84 fail to localize to the NE and function during nuclear migration. Thus multiple signals contribute to efficient NE and INM targeting. Furthermore, these data support the model that INM-SMs contribute to active ER-to-NE trafficking of INM proteins.
RESULTS

UNC-84 has one functional transmembrane domain
In our NE bridging model, the N-terminal domain of UNC-84 is in the nucleoplasm and the C-terminal SUN domain is in the perinuclear space, where it can interact with the KASH domains of UNC-83 or ANC-1 during nuclear migration and anchorage, respectively (Starr et al., 2001; Starr and Han, 2002; McGee et al., 2006; Starr, 2009 ). The topology of UNC-84 in our model is supported by the as large as that of the NE (Weibel et al., 1969; Bolender, 1974) , making transport from the ER to the ONM unlikely to occur by diffusion alone. Furthermore, INM proteins need to be trafficked across four continuous membrane domains: the ER, the ONM, the highly curved membrane of the nuclear pore, and the INM. Finally, the nuclear pore complex presents a physical barrier to INM protein trafficking. Three nonexclusive mechanisms have been proposed to contribute to trafficking proteins to the INM-diffusion-retention, via classical nuclear localization signals (cNLSs), and using inner nuclear membrane-sorting motifs (INM-SM).
The longest-standing model to explain trafficking of membrane proteins to the INM has been the diffusion-retention model (Powell and Burke, 1990; Holmer and Worman, 2001; Ostlund et al., 2006) . In this model, integral membrane proteins destined for the INM are synthesized on the ER membrane and diffuse within the continuous lipid bilayer to the ONM and across the nuclear pore complex to the INM. Once in the INM, the protein binds to lamin, chromatin, or associated proteins and is retained. Three problems with this model have been recently uncovered. First, the size of the nucleoplasmic or lumenal domains of some INM proteins limits diffusion across the nuclear pore (Ohba et al., 2004) . Second, even small INM proteins have been shown to require energy for trafficking to the INM (Ohba et al., 2004) . Third, a lamin-binding domain in a membrane-bound protein is not sufficient for localization to the INM (Haque et al., 2010) .
More recently it has been proposed that INM proteins are actively targeted to the nucleus using the same machinery as soluble proteins destined for the nucleoplasm (King et al., 2006; Lusk et al., 2007) . In this model, INM proteins have at least one cNLS in their nucleoplasmic domain that is recognized by the soluble import machinery, which includes importins or karyopherins. The INM proteinimportin complex is then transported into the nucleus, using the Ran-guanosine 5'-triphosphate (Ran-GTP) gradient, while remaining membrane bound. This mechanism is used for targeting the Saccharomyces cerevisiae Heh1 and Heh2 to the INM (King et al., 2006) . It also plays a role in targeting mammalian Sun2 to the INM (Turgay et al., 2010) . Not all INM proteins, however, contain a putative cNLS, and even among those that do, the cNLSs are not always necessary for NE localization. For example, the mammalian INM protein Sun1 lacks a putative cNLS (Lusk et al., 2007) , and mutating the putative cNLS in mammalian Sun2 had no effect on its ability to target to the NE (Hodzic et al., 2004; Turgay et al., 2010 ). An additional possibility is that members of the importin-β family could function independently of importin-α by binding directly to INM proteins (Lu et al., 2010; Xu et al., 2010) . Importin-β binding signals, however, are poorly defined, making it difficult to determine their roles in targeting INM proteins. In summary, the widespread use of importins to target INM proteins has yet to be demonstrated in higher eukaryotes.
A third model proposes that truncated membrane-associated importin-α actively facilitates the transport of INM proteins from the ER to the NE (Braunagel et al., 2004 (Braunagel et al., , 2007 Saksena et al., 2006; Liu et al., 2010) . The truncated, membrane-associated importin-α-16 recognizes an INM-SM on the cargo protein, while it is cotranslationally inserted into the ER membrane. Importin-α-16 is then thought to remain associated with the INM protein until it enters the nucleus (Saksena et al., 2006) . The INM-SM consists of two or more positively charged residues within eight residues of the nucleoplasmic face of the transmembrane span (Braunagel et al., 2004) . Spodoptera frugiperda importin-α-16 interacts with the INM-SM of viral proteins destined for the INM as well as mammalian INM proteins, lamin-B receptor and nurim (Saksena et al., 2006; Braunagel et al., 2007) . The yeast protein Heh2 uses a truncated importin-α and an INM-SM, as well as its cNLS, to localize to the NE (Liu et al., 2010) . The following observations: (i) UNC-84 does not contain a predicted N-terminal signal sequence (Emanuelsson et al., 2007) ; (ii) the C-terminal membrane-bound SUN domain of UNC-84 interacts with the KASH domain of UNC-83 in the lumenal compartment of the endomembrane system in a membranebound yeast-two hybrid (McGee et al., 2006) ; (iii) similar topologies have been confirmed for mammalian SUN proteins (Hodzic et al., 2004; Crisp et al., 2006; Haque et al., 2006; Liu et al., 2007) . Transmembrane prediction programs identify up to five hydrophobic regions (designated here as H1-H5) as potential membrane-spanning regions in UNC-84 (von Heijne, 1992) . More conservative algorithms predict a single transmembrane span at residues 512-532 (H2) (Malone et al., 1999) .
To determine which predicted transmembrane regions are real membrane-spanning domains, each of the five hydrophobic regions were systematically deleted from the UNC-84 genomic rescuing fragment (McGee et al., 2006) . These deletion constructs were used to create transgenic lines in the null unc-84(n369) background (Malone et al., 1999) . Three tests were performed to determine functionality of each UNC-84 mutant construct. First, transgenic lines were assayed for mutant UNC-84 localization to the NE (Lee et al., 2002) . Second, UNC-83 localization to the NE, which depends on functional UNC-84 (Starr et al., 2001) , was examined. Third, rescue of the nuclear migration phenotype of unc-84(n369) was determined by counting hyp7 nuclei in the dorsal cord. In wild-type animals, hyp7 nuclei migrate across the length of the cells (Sulston et al., 1983) , whereas in unc-84(n369) null animals, nuclear migration is disrupted, and 14-15 hyp7 nuclei mislocalize to the dorsal cord of L1 larvae (Horvitz and Sulston, 1980; Malone et al., 1999; McGee et al., 2006) . This nuclear migration defect can be efficiently rescued by a wild-type UNC-84 transgene in which only an average of 1-2 nuclei are observed in L1 dorsal cords (McGee et al., 2006) . We predicted that, if a deleted hydrophobic domain was a real membrane-spanning domain, the topology of the transgenic UNC-84 construct would be disrupted. This may or may not affect the targeting of UNC-84 to the NE, but would likely disrupt the function of UNC-84 in recruiting UNC-83 to the NE and in nuclear migration.
Deleting single, 20-residue hydrophobic regions H1, H3, or H5 or a 97-amino-acid deletion of H3-5 had no effect on the rescuing ability of the UNC-84 transgene ( Figures  1 and 2 , B and F-L; Table 1 ). In all four of FIGURE 1: UNC-84 constructs used for in vivo localization studies and functional analyses. Each plasmid's common name used in the text is on the left of the schematic. To the right is its official plasmid name, its cellular localization, and its ability to rescue the unc-84(n369) hyp7 nuclear migration defect. Full-length UNC-84 (yellow and red) containing its predicted transmembrane domains (black bars), the location of its potential NLSs (*), and its SUN domain (red) are shown. The figure where the constructs are used is indicated on the left. All membrane-bound fusions were driven by the unc-84 promoter. The soluble fusions for Figure 5 were driven by the unc-54 promoter. main or lumenal domain, fused to the single membrane-spanning region and a C-terminal GFP, were expressed in transgenic animals under the control of the unc-84 promoter ( Figure 3 ). The N-terminal domain of UNC-84 (UNC-84ΔC::GFP; consisting of residues 1-535) was expressed in an otherwise null unc-84(n369) background to prevent potential nuclear targeting of the transgenic protein through dimerization with endogenous UNC-84 (Malone et al., 1999) . It was previously shown that the C-terminal SUN domain of UNC-84 is required for function but not for localization (McGee et al., 2006) . Thus UNC-84ΔC::GFP was not functional for nuclear migration. UNC-84ΔC::GFP efficiently trafficked to the NE. Strong GFP was observed at the nuclear periphery in live embryonic and L1 cells (Figure 3 , B, C, F, and G). Occasionally, in rare nuclei from animals with the brightest GFP signal (6 of 32 transgenic animals from one transgenic line), UNC-84ΔC::GFP was seen in finger-like and circular projections that extended into the nucleus from the periphery ( Figure 3J ). The C-terminal domain (UNC-84ΔN::GFP; residues 478-1111) was not detected in live embryos, larva, or adult transgenic animals in a wild-type background ( Figure 3 , H and I). UNC-84ΔN::GFP was observed in a pattern consistent with the ER in fixed embryonic cells stained with anti-GFP antibodies (Figure 3, D and E) . Together, these results demonstrate that the N-terminal, nucleoplasmic half of UNC-84 (residues 1-535) contains all the determinants required for efficient localization of UNC-84 to the NE.
Identifying regions necessary for targeting UNC-84 to the NE
To further identify regions that are required for targeting UNC-84 to the NE, a deletion analysis was performed. Transgenic lines were made expressing various deletions of the membrane-bound UNC-84ΔC::GFP construct (consisting of residues 1-535 driven by the unc-84 promoter) in an unc-84(n369) background (Figure 4 ). We examined the localization of the GFP constructs in postmitotic larval hyp7 nuclei. When residues 1-208, 239-361, or 367-467 were deleted, UNC-84 localized to the NE of hyp7 nuclei ( Figure 4B′ , D′, and E′). Deleting residues 118-244, however, severely disrupted UNC-84 localization to the NE in hyp7 cells ( Figure 4C′ ). It remains unclear whether mistargeting of the 118-244 deletion is a result of protein misfolding or represents an important region in UNC-84 that allows it to interact with the nuclear lamina and/or that acts as a nuclear import signal. We therefore hypothesize that residues 118-244 are important for the localization of UNC-84 to the NE.
UNC-84 is actively transported into the nucleus as a soluble fusion protein
The experiments just mentioned tested the necessity of UNC-84 domains for NE targeting. They failed, however, to discriminate between simple diffusion and active import across the nuclear pore. Soluble proteins greater than ∼40-60 kDa are not able to diffuse through the nuclear pore and must be actively imported through these cases, both UNC-84 and UNC-83 localized properly to the NE, and the hyp7 nuclear migration defect was rescued ( Figure 2A ). Deleting residues 512-532, corresponding to H2, however, disrupted the function of the UNC-84 transgene ( Figure 2A ). In four independent transgenic lines, UNC-84 and UNC-83 failed to localize to the NE, and most hyp7 nuclei were observed in the dorsal cord of transgenic animals (Figure 2, D and E, and Table 1 ). No UNC-84 staining was observed in the ΔH2 transgenic lines using an antibody that recognizes the extralumenal domain ( Figure 2D ). To confirm that ΔH2 was expressed, a 6-myc tag was added to the Cterminal, lumenal domain of UNC-84. In two independent transgenic lines, UNC-84 ΔH2::6-myc was found to localize throughout the cytoplasm in embryos but still failed to rescue the unc-84 nuclear migration defect (unpublished data). No UNC-84 ΔH2::6-myc was observed in larvae, suggesting that the mistargeted protein may be unstable. To further confirm the importance of H2, we created an UNC-84 transgene in which all four other potential membrane-spanning regions were deleted (ΔH1,3-5). UNC-84ΔH1,3-5 localized to the NE and rescued unc-84(n369) (Figure 2 , A, L, and M; Table 1 ). We therefore conclude that H2, the hydrophobic span from 512 to 532, is the only membrane-spanning domain and is essential for the function of UNC-84.
The membrane-bound N terminus of UNC-84 is sufficient for hyp7 NE targeting
On the basis of the likely topology of UNC-84, we hypothesized that the determinants required for targeting UNC-84 to the INM should reside in its N-terminal, extralumenal domain. To test this hypothesis, two constructs containing either UNC-84's nucleoplasmic do- the nucleus and for retention of UNC-84 at the NE, presumably through an interaction with a component of the nuclear lamina. To further map nuclear localization signals (NLSs) and lamina-interacting domains of UNC-84, a smaller portion of the soluble N-terminal domain of UNC-84 was expressed as a GFP::LacZ fusion protein.
Residues 118-370 targeted the fusion protein to the NE ( Figure  5E ). Thus residues 118-370 of UNC-84 contain both nuclear import signals and lamina-interacting domains.
The role of predicted nuclear import signals in targeting UNC-84 to the INM Having established that the extralumenal domain of UNC-84 contains regions that are necessary for NE localization and sufficient to target soluble pieces of UNC-84 to the NE in postmitotic body-wall muscle cells, we asked whether signals that have previously been shown to play a role in the active targeting of other INM proteins (the INM-SM and cNLSs) function in trafficking UNC-84. To test whether these potential signals are required for UNC-84 localization, mutations were created in our unc-84 rescuing construct (Figures 1 and 6A ). The resulting constructs were expressed in unc-84(n369) null animals. Transgenic animals were assayed as nuclear pores and into the nucleus using importins and the Ran-GTP gradient (Nigg, 1997) . For example, in C. elegans, a 70-kDa dextran does not diffuse through the nuclear pore (Galy et al., 2003) . A GFP::LacZ fusion protein (∼145 kDa) remained in the cytoplasm (Figure 5B) . The addition of a classical simian virus 40 (SV40) cNLS, however, was sufficient to drive the large fusion protein into the nucleoplasm ( Figure 5A ). To test whether regions in the cytoplasmic domain of UNC-84 are capable of soluble active transport across the nuclear pore, pieces of the extralumenal domain of UNC-84, without the membrane-spanning domain, were fused to GFP::LacZ and expressed in transgenic muscles under control of the unc-54 promoter. The unc-54 promoter turns on postmitotically in 81 of the 95 body wall muscle cells born in the early embryo (Epstein et al., 1993) . Regions 1-370 or 174-509 of UNC-84 were sufficient to target GFP::LacZ to the NE ( Figure 5 , C and D). Our imaging was not able to formally distinguish between outer and inner NE localization. Given that UNC-84 is normally localized to the INM (McGee et al., 2006) , however, our data are consistent with the hypothesis that regions 1-370 and 174-509 of UNC-84 contain signals for active import into the nucleus. Therefore these regions of UNC-84 are likely sufficient for both active targeting of the large fusion protein into cNLSs, such as those originally identified in the SV40 T antigen (Kalderon et al., 1984) , bind the soluble import machinery, importins/karyopherins, for transport across nuclear pores and into the nucleus. cNLSs consist of short stretches of basic residues, but are often difficult to predict based on primary sequence alone (Cook et al., 2007; Lange et al., 2007; Stewart, 2007 ) had no effect on NE localization of UNC-84ΔC::GFP in L1 larvae (unpublished data). In addition, mutating both potential cNLSs in the UNC-84(1-370)::GFP::LacZ soluble fusion protein had no effect on localization of the fusion protein to the NE ( Figure 5F ). These data suggest that an independent, unidentified NE localization signal resides within residues 1-370. To further test the role of predicted cNLSs, both potential cNLSs were mutated in full-length UNC-84 and expressed in transgenic animals. In such animals, UNC-84 and UNC-83 localized normally to the NE and most hyp7 nuclei migrated properly (Table 1 , Figures 6B and 7D ). We therefore concluded that the putative cNLSs play little or no role of their own in the targeting of UNC-84 to the INM but they may still function redundantly to other signals.
The consensus sequence of an INM-SM is loosely defined to consist of at least two positively charged residues within five to eight residues of the nucleoplasmic face of the transmembrane domain (Braunagel et al., 2004) . UNC-84 has a predicted INM-SM consisting of amino acids KKSSK five to nine residues from the Nterminal end of the transmembrane span (Braunagel et al., 2004) . To test the requirement of this predicted INM-SM for targeting UNC-84, the three codons for the positively charged residues were mutated to encode alanines in the unc-84 rescuing construct. The INM-SM mutation ( 503 KKSSK 507 to 503 AASSA 507 ) did not disrupt the localization of UNC-84 to the NE in comma-stage embryos shortly after nuclear migration and was indistinguishable from wild type ( Figure 8B , compare to 8A). The INM-SM mutation, however, disrupted efficient transport of UNC-84 to the NE about 1-2 h earlier in embryogenesis. Although there appeared to be some UNC-84 at the NE of earlier embryos, most of the anti-UNC-84 immunofluorescence was instead distributed throughout the cytoplasm ( Figure 7E ). We quantified this localization defect by measuring the ratio of the UNC-84 staining intensities at the NE over the cytoplasm. The NE/cytoplasmic ratio of UNC-84 fluorescence intensity was significantly higher in UNC-84(+) transgenics than in the UNC-84(INM-SM) (Figure 6, C-D ) , showing a significant decrease in localization at the NE. Surprisingly, given this trafficking defect, UNC-84 localized normally to comma-stage nuclei ( Figure 8B ), and the INM-SM mutant construct fully rescued the unc-84(n369) nuclear migration defect in hyp7 cells (Table 1 , Figures 6B and 7E) . We conclude that the INM-SM is required for efficient trafficking of UNC-84 but is not essential for a minimally required amount of UNC-84 to traffic to the INM and function to rescue the hyp7 nuclear migration defect.
To test whether the cNLSs and INM-SM of UNC-84 function, in part, redundantly, we created an UNC-84(2× cNLS; INM-SM) triple mutant. This mutant looked similar to the UNC-84 INM-SM mutant; it was defective in localizing UNC-84 to the NE during early embryogenesis but was able to rescue the nuclear migration defect (Table 1 , Figures 6B and 7F) . One interpretation of these data is that a third unidentified signal can function in the absence of the putative cNLSs and the INM-SM to mediate UNC-84's targeting to the INM. mentioned earlier in the text for UNC-84 function by quantifying hyp7 nuclear migration and by immunofluorescence to examine UNC-84 and UNC-83 localization at the NE. As a control, the wildtype unc-84 rescuing construct was shown to restore both nuclear migration in hyp7 cells and UNC-84 and UNC-83 localization to the NE (Table 1 and Figures 6B and 7C ).
FIGURE 3:
The N-terminal domain of UNC-84 is sufficient for targeting to the NE. (A) Diagram of the constructs. The parent construct, full-length UNC-84 with its endogenous promoter and GFP at its C terminus, rescues unc-84 and localizes to the NE (Malone et al., 1999) . UNC-84ΔC-term::GFP (residues 1-535) and UNC-84ΔN-term::GFP (residues 478-1111) are shown. (B, C, F, and G) GFP fluorescence and DIC images of a live embryo (B and C) or an L1 larva (F and G) expressing UNC-84ΔC-term::GFP at the NE. (D and E) Anti-GFP immunofluorescence and DAPI-stained nuclei in a fixed embryo expressing UNC-84ΔN-term::GFP. The GFP was not observed in live embryos. (H and I) GFP fluorescence and DIC images of a live L1 larva expressing UNC-84ΔN-term::GFP. Arrows point out representative hyp7 cell nuclei. (J) Individual nuclei from L1 larvae expressing high levels of UNC-84ΔC-term::GFP. Scale bars for B-E and F-I = 10 μm. Scale bar for J = 1 μm.
Testing for functional redundancy among UNC-84 NE-targeting signals
The data just presented show that neither the cNLSs, the INM-SM, nor the SUN-NELS alone are necessary for the localization and function of UNC-84. We hypothesized, on the basis of single mutant localization data, that only the SUN-NELS and INM-SM play a role in UNC-84 INM localization. To test this hypothesis, we created an UNC-84 construct mutant for both the SUN-NELS and the INM-SM and expressed it in unc-84(n369). The UNC-84(SUN-NELS; INM-SM) double mutant was inefficient in NE targeting in early embryogenesis (Figure 7H ) but nonetheless functioned normally in hyp7 nuclear migration (Table 1, Figure 6B ).
To test the extent to which the putative cNLSs and the SUN-NELS function redundantly, a construct containing only a wildtype INM-SM, the UNC-84(2× cNLS; SUN-NELS) mutant, was expressed in an unc-84(n369) background. This construct inefficiently trafficked to the NE in the early embryo ( Figure 7I) ; there was some NE localization, but more remained in the cytoplasm (compare to Figure 7C ). Later in embryogenesis at the time of nuclear migration, this triple mutant protein efficiently localized to the NE ( Figure 8D ), suggesting the INM-SM was sufficient for at least partial localization of UNC-84 to the NE. The 2× cNLS; SUN-NELS triple mutant also recruited UNC-83 to the NE, but at significantly lower levels than wild type ( Figure 7I ). In wild-type embryos, the mean fluorescence intensity of UNC-83 staining at the NE of hyp7 nuclei was 865 ± 178 arbitrary units (SD shown; n = 230 nuclei from 45 embryos) as compared with 485 ± 156 arbitrary units in the UNC-84(2× cNLS; SUN-NELS) triple mutant embryos (n = 115 nuclei in 28 embryos; p = 2.2 × 10 −16 ). Despite this low amount of UNC-83 that was recruited to the NE, the 2× cNLS; SUN-NELS triple mutant failed to rescue the unc-84 nuclear migration defect (Table 1 and Figure 6B ). These data demonstrate that multiple signals mediate efficient targeting of UNC-84 to the NE.
Mutating all four UNC-84 NE targeting signals disrupts UNC-84 localization to the NE
A mutant lacking all four of the signals identified as contributing to the localization of UNC-84 to the INM, UNC-84(2× cNLS; SUN-NELS; INM-SM), was expressed in unc-84(n369) animals. This quadruple mutant failed to localize to the NE ( Figures 6C and  7J ), failed to recruit UNC-83 ( Figure 7J ), and failed to rescue the nuclear migration defect (Table 1 and Figure 6B ). Mutant protein was localized throughout the cytoplasm and failed to properly target to the NE ( Figure 7J ). Quantification of the NE/cytoplasmic ratio of UNC-84 fluorescence was significantly reduced when compared with either UNC-84(INM-SM) or UNC-84(SUN-NELS) single mutants ( Figure 6C) . Moreover, the protein failed to accumulate at the NE later in development ( Figure 8E ). Together, these data suggest that the predicted cNLSs, the SUN-NELS, and the INM-SM each contribute to the transport of UNC-84 to the INM.
A novel SUN-NELS contributes to the targeting of UNC-84 to the NE
Because the UNC-84(2× cNLS; INM-SM) triple mutant eventually localized and rescued nuclear migration, we hypothesized that there is at least one additional NE localization signal in UNC-84. Moreover, we hypothesized that it should reside between residues 174 and 370 of UNC-84, which represent the overlap of the soluble portions of UNC-84 that were actively imported and retained at the NE ( Figure 5) . Analysis of the UNC-84 mammalian homologue, Sun1, revealed that it does not contain a cNLS. Residues 200-917 of human Sun1 are sufficient for NE targeting in transfected HeLa cells, but residues 300-917 are not (Hasan et al., 2006) . We therefore searched for conserved motifs between residues 200 and 300 of mammalian Sun1 and between residues 174 and 370 of UNC-84 by manual scanning. A short motif, coined SUN-NELS, corresponding to residues 235-244 in UNC-84, was found to be conserved between UNC-84 and Sun1 ( Figure 6E ). No regions of similarity were found outside of this short region. To test the role of the SUN-NELS on UNC-84 trafficking and function, two UNC-84 mutants were created, UNC-84(Δ235-240) and UNC-84(Δ226-251), and analyzed as mentioned earlier in the text. Similar to the INM-SM mutant, deletion of the SUN-NELS quantitatively disrupted UNC-84 trafficking during early embryogenesis ( Figures 6C and 7G ), but was able to later localize normally ( Figure 8C) . Moreover, the INM-SM mutant had no effect on its ability to rescue hyp7 nuclear migration (Table 1 and Figure 6B ). These results suggest that the SUN-NELS plays a role in efficient UNC-84 targeting, but is not the sole determinant for INM protein localization. mutants could be obtained with independent transgenic lines probed with a commercially available antibody. Furthermore, our conclusions that many of the untagged versions localized, at least in part, to the NE were confirmed by colocalization with lamin by deconvolution microscopy (Figure 9 , A-H, compared with Figure 7) . Together, data from the myc-tagged lines confirm the localization defects of the various UNC-84 mutants.
DISCUSSION
The molecular mechanisms of how SUN and other large, integralmembrane proteins are trafficked from their site of membrane insertion in the ER to the INM are poorly understood. At least three mechanisms have been proposed: the diffusion-retention model, active transport using a cNLS, and active trafficking using an INM-SM (Holmer and Worman, 2001; Braunagel et al., 2007; Lusk et al., 2007) .
The C. elegans SUN protein UNC-84 was used as a model to study the mechanisms of trafficking proteins to the INM. By deleting each of the predicted membrane-spanning regions of UNC-84, we concluded that UNC-84 likely has only one membrane-spanning domain that separates its 59 kDa cytoplasmic/nucleoplasmic domain from its 65 kDa lumenal domain (Figure 2 ). This topology is consistent with that of mammalian Sun1 and Sun2 (Hodzic et al., 2004; Crisp et al., 2006; Haque et al., 2006; Liu et al., 2007) and suggests that the signals to target UNC-84 to the NE and INM reside in the N-terminal, extralumenal domain. UNC-84 is required for nuclear migration in embryonic hypodermal cells (Malone et al., 1999) , thereby allowing us to test the localization and function of various UNC-84 mutant proteins in the context of a developing organism. Thus we were able to identify signals in the extralumenal domain of UNC-84 that, when mutated, delayed the targeting of UNC-84 to the NE but had no effect on the function of UNC-84 during nuclear migration. Additionally, we were able to create UNC-84 mutants that failed to target to the NE, or that targeted to the NE but failed to rescue the unc-84 nuclear migration phenotype. Therefore the extralumenal domain of SUN proteins not only play a role in localization to the INM, but may also function to regulate the formation of SUN-KASH bridges.
The extralumenal domain of UNC-84 contains multiple NE localization signals
The cytoplasmic/nucleoplasmic domain of UNC-84 contains at least four possible signals that contribute to trafficking UNC-84 to the INM. We identified two possible SV40-like cNLSs ( ). These signals function, in part, redundantly to traffic UNC-84 to the INM.
Examination of both soluble and membrane-bound portions of UNC-84 implicated regions of UNC-84 that contain signals for trafficking to the NE. The membrane-bound extralumenal domain of UNC-84 was necessary and sufficient for trafficking to the NE, suggesting that it contained all the determinants required for proper localization (Figure 3) . Moreover, soluble fragments UNC-84(118-370) and UNC-84(174-509) fused to GFP::LacZ localized to the NE of postmitotic muscle cells (Figure 5 ), suggesting that these regions of UNC-84 contain signals for active transport into the nucleus and domains that associate with the nuclear lamina. In a reciprocal experiment, deleting residues 118-244 (including predicted cNLS 170 HRRR 173 and part of the SUN-NELS) of membrane-bound UNC-84 disrupted NE localization (Figure 4) .
To examine the relative contribution of each potential signal, we mutated or deleted small sequences encoding each signal in our To exclude the possibility that the staining observed in the transgenic animals was only N-terminal fragments instead of fulllength protein, the UNC-84 NLS mutants were reengineered with a C-terminal 6x myc tag. Western blotting confirmed that all UNC-84::6x myc NLS mutants, even the quadruple mutant that failed to localize, were stably expressed and the correct size ( Figure 9I) .
The UNC-84::6x myc tag lines were further used to confirm our conclusions that the same targeting defect observed in untagged FIGURE 5: UNC-84 is actively imported into the nucleus. Live larvae were imaged for both GFP fluorescence (left) and DIC (right). Transgenes are under the control of a muscle-specific promoter. Arrows point to muscle nuclei that are enlarged in the insets. (A) The SV40-NLS::GFP::LacZ control is targeted to the nucleoplasm. (B) The GFP::LacZ control is cytoplasmic and excluded from the nucleus. (C-E) Soluble fragments of UNC-84 fused to GFP::LacZ were examined for nuclear localization. Residues 1-370 (C), 174-509 (D), and 118-370 (E) of UNC-84 were sufficient for NE targeting. UNC-84(1-370; 2xcNLS)::GFP::LacZ, with mutations in both predicted cNLSs, also localizes to the NE. Scale bar = 10 μm.
INM proteins with the nuclear lamina have two limitations: an inability to observe or distinguish earlier trafficking events and a failure to assay in vivo functions of the INM protein. Using C. elegans embryos, we developed an assay that allowed us to observe differences in the timing of NE accumulation. Our system also allowed us to measure the function of UNC-84 during nuclear migration as an indirect readout of retention at the nuclear lamina. Using this system, we identified four extralumenal signals that function to target UNC-84 to the INM. Some of these signals may be involved in retention at the nuclear lamina, active import into the nucleus, or both.
In
Step 1 of our model, the INM-SM and SUN-NELS function in trafficking from the peripheral ER toward the NE (Figures 7 and  10) . Mutations in either the SUN-NELS or the INM-SM resulted in a delay of targeting UNC-84 to the NE. Early in embryogenesis, mutant UNC-84 only partially localized to the NE as compared with wild type ( Figure  6C or compare Figure 7 , E and G, to C), but later in development, during hyp7 nuclear migration, normal levels of UNC-84 (INM-SM or SUN-NELS) mutants localized to the NE (compare Figure 8 , B and C, to A). In insect cells, the INM-SM becomes associated with a divergent importin-α-16 at the translocon, which remains associated with the INM-SM after release from the translocon (Saksena et al., 2006) . A 16 kDa isoform of human importin-α, KPNA-4-16, also cross-links to INM-SMs, suggesting that this ERto-NE shuttling mechanism is conserved (Braunagel et al., 2007) . In C. elegans, IMA-3 is the only importin-α expressed in the embryo (Geles and Adam, 2001 ). IMA-3 also has a high level of identity to the last 16 kDa of human KPNA-4-16. We hypothesize that a short isoform of IMA-3 functions as the worm importin-α-16 (light blue circle in Figure 10 ) and predict that it associates with the INM-SM of UNC-84 at the translocon in the ER. The mechanisms of how the SUN-NELS functions remain unknown. A 21-residue region of mouse Sun1 that contains the SUN-NELS, however, was recently found to participate in the localization of Sun1 to the INM (Haque et al., 2010) .
Step 2 of our model, UNC-84 is transported across the nuclear pore (Figure 10 ). The yeast INM protein Heh2 has a functional cNLS that associates with importin-α and importin-β and uses the Ran GTPase cycle to mediate translocation across the nuclear pore (King et al., 2006) . In contrast, mutating both predicted cNLSs of UNC-84 had no effect on the localization of UNC-84. A construct, however, with both predicted cNLSs but not the SUN-NELS or the INM-SM localized UNC-84 to the INM, but a construct mutant for all four signals did not. Therefore at least one of the predicted cNLSs is sufficient, but not required, for localization of UNC-84 to the INM. Additionally, the UNC-84(1-370 2x cNLS) soluble mutant protein was efficiently targeted to the NE, suggesting that the SUN-NELS may function as an active nuclear import signal ( Figure 5F ). Together these data support a model in which at least one predicted cNLS functions partially redundantly to the SUN-NELS and the INM-SM to move UNC-84 across the nuclear pore.
unc-84-rescuing transgene and assayed for UNC-84 localization and function (Figures 6-8 ; Table 1 ). Disruption of both predicted cNLSs had no obvious effect. Mutating either the INM-SM or the SUN-NELS led to a delay in targeting UNC-84 efficiently to the NE. Despite this delay, UNC-84 still functioned later in embryogenesis to recruit UNC-83 to the ONM for nuclear migration. Surprisingly, all three types of signals-cNLSs, SUN-NELS, and INM-SM-needed to be mutated before localization or function of UNC-84 was disrupted. Therefore these signals function, in part, redundantly to ensure the efficient trafficking of proteins to the INM. We also tested whether the second predicted cNLS or the SUN-NELS alone were sufficient to drive a GFP::LacZ reporter to the nucleoplasm. Neither signal was sufficient, suggesting that the signals we identified as necessary for targeting might be conformational or more extended than the primary sequence.
A model for trafficking UNC-84 to the INM Localization of proteins to the INM requires at least three distinct steps: 1) ER-to-NE trafficking, 2) transport across the nuclear pore, and 3) retention by associating with the nuclear lamina (Figure 10 ). Whereas the diffusion-retention model postulates that Steps 1 and 2 of this process are passive, other models favor that ER-to-NE trafficking and translocation across the pore are active processes. The possibility that multiple steps are required to localize proteins to the INM, as well as the observation that cNLSs often overlap with nuclear retention domains (LaCasse and Lefebvre, 1995; Cokol et al., 2000) , makes examining the relative roles of multiple targeting mechanisms difficult. Furthermore, experimental systems that rely on binary readouts of NE accumulation and stable association of Turgay et al. (2010) recently reported that human Sun2 also uses multiple signals to target to the INM: a cNLS, a Golgi retrieval signal, and the SUN domain. They were unable to test the contribution of the predicted Sun2 INM-SM in their system (Turgay et al., 2010) , and Sun2 does not have an extralumenal SUN-NELS. The Golgi retrieval signal in Sun2 consists of four arginine residues (Turgay et al., 2010) , suggesting that the second predicted cNLS in UNC-84
After UNC-84 enters the INM, the factors used for import are released and UNC-84 associates with the nuclear lamina (Figure 10) . The C. elegans B-type lamin, LMN-1, is required for UNC-84 retention at the INM (Lee et al., 2002) , but it is unknown whether the association is direct. Finally, the lumenal SUN domain of UNC-84 recruits the KASH protein UNC-83 to the ONM, creating a bridge across the NE to mediate microtubule-motor-driven nuclear migration (McGee et al., 2006; Meyerzon et al., 2009; Fridolfsson et al., 2010) .
The trafficking mechanisms used by INM proteins to gain access into the nucleus have remained elusive. Data presented here sug- Step 2) UNC-84 translocates across the nuclear pore complex. Some combination of importin-α/importin-β (dark blue) at the cNLS(s), the unknown SUN-NELS factors, and/or the small importin-α-16 isoform at the INM-SM facilitate trafficking across the nuclear pore. (Step 3) UNC-84 is released into the INM, and the import factors are recycled. Finally, UNC-84 binds to the nuclear lamina and recruits KASH proteins (gray) to the ONM to establish an NE bridge.
Mountain View, CA). When comparing relative fluorescence intensities of anti-UNC-83 or UNC-84 staining, single focal planes were quantified using ImageJ.
Transgenic mutant UNC-84 expression constructs
Schematics of all the constructs used to make transgenic C. elegans for this study and their corresponding plasmid names are shown in Figure 1 . In general, for the experiments shown in Figures 2, 7, 8 , and 9, we engineered mutant versions of our unc-84 rescuing construct (pSL38; McGee et al., 2006) to contain either small deletions for our in vivo topology experiments or small deletions and mutations for our analysis of NLSs. Mutations, alanine substitutions, or small deletions were introduced by using PCR splicing by overlapping extension (SOEing) (Horton et al., 1990) or, in one case, by using the Quickchange XL system (Invitrogen, Carlsbad, CA). In all cases, the PCR products were TOPO cloned (Invitrogen) and confirmed by sequencing. Restriction enzyme fragments containing mutations were then moved out of the TOPO vectors and back into the pSL38, replacing the wild-type sequences. Double, triple, and quadruple mutations were introduced into pSL38 by multiple steps of such subcloning.
For the experiments in Figure 3 , PCR products from pSL38, including 2.2 kb of the endogenous unc-84 promoter and genomic sequences encoding either residues 1-535 or 478-1111, were cloned into pPD95.77, a promoterless Fire Lab Vector with a C-terminal GFP (Addgene, Cambridge, MA). Constructs were confirmed by sequencing. The four UNC-84ΔC::GFP deletion constructs in Figure 4 were created by PCR SOEing as mentioned earlier in the text and subcloned back into the UNC-84ΔC::GFP construct.
In Figure 5 , pPD96.02 (Addgene), which encodes an SV40 NLS::GFP::LacZ fusion protein under control of the muscle-specific promoter unc-54, was used for a nucleoplasmic control. For a cytoplasmic control, pPD96.02 was digested with Kpn1 and ligated back together to remove the NLS. Various fragments of the unc-84 cDNA yk402g1 (Kohara, 1996; McGee et al., 2006) were amplified by PCR and cloned into the KpnI and AgeI sites of pPD96.02 to replace the SV40 cNLS and create a construct that uses the muscle-specific unc-54 promoter to drive an UNC-84 fragment::GFP::LacZ fusion protein. The UNC-84(1-370 2x cNLS)::GFP::LacZ mutant construct was cloned by amplifying a 1.6 kb fragment from the UNC-84(2x cNLS) mutant in the rescuing construct just described and subcloned into pPD96.02 using Kpn1 and AgeI restriction sites. To create the UNC-84 ΔH2::6x myc construct PCR SOEing was used to delete the stop codon and add a unique Pac1 site in pSL359. In addition, 6x myc with Pac1 overhangs was amplified from pCS2+MT (Rupp et al., 1994) and cloned into the Pac1 site to create psL550. All fragments were confirmed by sequencing.
To create the UNC-84::6x myc constructs shown in Figure 9 , pSL550 was digested with Kpn1 and Sal1. A 3.2 kB fragment containing the C-terminal 519 residues of UNC-84 in frame with a 6x myc tag was subcloned into all UNC-84 NLS mutant constructs used in Figures 6-8. Mutants were confirmed by sequencing.
UNC-84 immunoblotting
Whole protein extracts from transgenic animals were isolated and blotted as previously described (Lee et al., 2002) . Blots were probed with mouse monoclonal 9E10 anti-myc antibody at 1:1000 (vol/vol) or mouse monoclonal anti-GFP (Covance, Princeton, NJ) at 1:2000 (vol/vol). For the secondary antibody, anti-mouse conjugated to horseradish peroxidase (Jackson ImmunoResearch) was used at 1:10,000 (vol/vol) and developed with the enhanced chemiluminescence kit (GE Healthcare, Piscataway, NJ). ) might instead be a Golgi retrieval signal. Thus different INM proteins use various combinations of INM-localization signals. We propose that the novel SUN-NELS and the INM-SM function in ER-to-NE transport, reducing the amount of time INM proteins spend in ER membranes with their nucleoplasmic domains exposed to the cytoplasm. A more complete understanding of how nuclear import receptors interact with targeting signals to ensure the timely localization of proteins to the INM, as well as the identity of cytoplasmic/nucleoplasmic binding partners, should lead to a better understanding of the assembly of the nuclear lamina, establishment of NE bridges, and the formation or development of laminopathies.
MATERIALS AND METHODS
C. elegans strains, maintenance, and phenotypic characterization C. elegans were cultured using standard conditions, and the N2 strain was used for wild type (Brenner, 1974) . The null allele unc-84(n369) was previously described (Malone et al., 1999) . Some nematode strains used in this work were provided by the Caenorhabditis Genetics Center, which is funded by the National Institutes of Health (NIH) National Center for Research Resources.
Transgenic lines were created by standard DNA microinjection techniques using 2-4 ng/μl of the construct of interest with 100 ng/μl of p odr1 ::rfp or sur-5::gfp constructs as transformation markers (Mello et al., 1991; Yochem et al., 1998; Sagasti et al., 2001) . Constructs encoding UNC-84ΔN::GFP under the control of the unc-84 promoter, and SV40 NLS::GFP::LacZ and GFP::LacZ both under the control of the unc-54 promoter, were injected into wild type. All other transgenes were expressed in an unc-84(n369) background.
Hyp7 dorsal cord nuclei were counted in L1 larvae using differential interference contrast (DIC) as described (Meyerzon et al., 2009) . All counts were blind in that the animal was only identified as transgenic or not transgenic after counting.
